ABSTRACT
Reliability is one of the most important performance indicators for rail systems (1, 2) . These 2 systems consist of different subsystems, and each has its own reliability and life cycle cost 3 (LCC). To design or maintain a rail system with a specific system reliability, planners have to 4 carefully allocate the reliability and budget by examining the trade-off between cost and 5 reliability. 6
Reliability allocation is a popular topic in designing hardware and/or software systems. 7
Various reliability allocation methods have been developed to allocate goal system reliability into 8 subsystem reliability under cost-effective conditions. These methods are generally categorized 9 into two types, namely, (1) weighting method and (2) optimization method (3, 4). Weighting 10 method is adopted if the quantitative relationship between system reliability and LCC is 11 unavailable. Experts typically determine the weights for cost and reliability of each subsystem 12 from past experiences in similar systems (5-9). However, weight determination is subjective, and 13 thus, the resulting weights are usually case-specific without general applicability. 14 Optimization method (e.g., mathematical programming) is used to allocate reliability upon 15 establishing a quantitative relationship between subsystem cost and reliability (3). Optimal 16 reliability allocation involves minimizing cost under reliability constraints or maximizing 17 reliability under budget constraints (10, 11) . This optimization process requires a clear 18 relationship between cost and reliability for each subsystem, which is best captured by 19 exponential functions. However, adopting exponential functions in the formulation results in 20 nonlinear optimization models that cannot guarantee global optimal solutions (3, 12, 13) . 21
Existing studies on reliability allocation define reliability as the mean time between failures 22 (MTBF) and discuss its relationship with cost (13, 14). For rail systems, MTBF represents 23 system (or subsystem) reliability but does not consider its effect on passengers (15) . Service 24 reliability (e.g., delay or on-time arrival percentage) is more favorable than system reliability 25 because it considers customer satisfaction. Therefore, the relationship between system reliability 26 and service reliability should also be established in decision making. Planners have to balance 27 the trade-off among service reliability, system reliability, and LCC to optimally allocate 28 reliability and cost ( Figure 1 A few studies have applied reliability allocation to capital investment for rail systems. 4 Anderson (16) proposed an allocation method with consideration of delay and utilized 5
Lagrangian multipliers to combine LCC and service reliability to identify optimal solutions. This 6 method requires continuous and linear relationships between cost and service reliability, which is 7 not always available or reasonable. Moreover, practical constraints during actual applications 8 cannot be easily accommodated without mathematical programming formulation (e.g., linear or 9 integer programming models). Consequently, we develop an optimization framework with 10 alternative evaluators (AE) and investment selectors (IS) to assist decision makers in optimally 11 allocating service reliability, system reliability, and LCC when designing or upgrading rail 12 systems. This tool can help railway agencies and companies maximize their return on investment 13 (ROI) and provide reliable service to their customers. 14 15
OPTIMIZATION FRAMEWORK

16
A number of products for each subsystem can be selected from several equipment suppliers to 17 design a new rail system or upgrade an existing system. Each product has LCC and reliability in 18 terms of MTBF or mean distance between failures (MDBF); this information is obtained from 19 suppliers. However, planners initially have to establish a relationship between system reliability 20 and service reliability for each alternative. This relationship is then incorporated with investment 21 selector to determine the optimal allocation of reliability and LCC. The following paragraphs 22 define the three important elements in decision making, followed by the optimization 23 framework: 24  LCC: LCC for railway systems typically includes capital investment, operating cost, and 25 maintenance cost within the planning period. Some products have low capital investment 26 but high operating and maintenance costs, whereas other products have high capital 27 Rail System Design System Reliability Life Cycle Cost Service Reliability investment but low operating and maintenance costs. Therefore, employing LCC is more 1 appropriate in decision making than solely employing capital investment. 2  System reliability: System reliability is defined as the MTBF or MDBF. System reliability is 3 used to estimate the failure frequency based on particular exposure rates (in train-hour or 4 train-km). A high MTBF or MDBF results in superior system reliability. The relationship 5 between system reliability and LCC is obtained from suppliers. 6  Service reliability: Service reliability identifies the effect on passengers. This study defines 7 service reliability as on-time arrival percentage (without any buffer), which is the proportion 8 of on-time operations in terms of total system operating time (in train-hour) [Equation (1)]. 9 
ALTERNATIVE EVALUATOR (AE)
4
AE is used to evaluate LCC, system reliability, and service reliability for every possible 5 alternative. LCC and system reliability (in terms of MTBF or MDBF) are obtained from 6 suppliers, but this process requires an established relationship between service reliability and 7 system reliability, which is computed using Equation (2). The equation computes the delay for 8 subsystem i with alternative k, which is the product of the number of failures (Ti /Mik ), average 9 number of online trains (N), and average delay time (Qik). 10 IS determines an optimal investment plan for rail systems based on available alternatives. The 8 optimal investment plan identifies the best alternative for every subsystem according to 9 acceptable LCC or service reliability. Two optimization models are developed, namely, (1) the 10 minimum cost model (MCM), which minimizes total LCC according to acceptable service 11 reliability, and (2) 
and 17 
(14) 8 9 Equation (9) maximizes service reliability in terms of on-time arrival percentage. Equations 10 (10) and (11) are the same as Equations (4) and (5); the former is the constraint on the number of 11 alternatives per subsystem, whereas the latter is the computation of subsystem delay. Equation 12 (12) ensures that LCC of the optimal investment plan is not greater than the design LCC. 13 15 We implement the optimization process in two case studies utilizing empirical data obtained 16 from a metro system in Taiwan to demonstrate their potential use in rail system design and 17 upgrade. Case I aims to design a new metro system by selecting appropriate alternatives for 18 subsystems according to design service reliability. MCM is employed in Case I to determine an 19 optimal investment plan with minimal LCC. Case II aims to improve the reliability of an existing 20 rail system subject to constraint on available increment in LCC (i.e., budget constraint). MRM is 21 employed in Case II to determine an optimal investment plan with maximum increase in service 22
14
CASE STUDY
reliability. 23 24
Case I: New System Design 25 A system should be carefully designed at the design stage according to the desired level of 26 service reliability. We consider the design of a 25-km passenger rail system, which comprises six 27 subsystems, namely, train, signal, communication, electricity, station, and track. Each subsystem 28 has a number of alternatives. Estimated demand is 140,000 passengers per day. Station has the largest MDBF in all of the scenarios, and its increase rate is the highest among all 7 of the subsystems, followed by track, train, communication, electricity, and signal. Large 8 increases in MDBF indicate less frequency for service failure. However, the effect on service 9 reliability also depends on the consequence of service failure (in delay per failure). Besides 10 system and service reliability, IS also considers LCC for determining the best combination 11 among all of the alternatives. Figure 5 demonstrates the LCC allocation for each subsystem. LCC generally increases 4 with service reliability. The increase in total LCC from 95% to 97% is modest for design service 5 reliability. However, total LCC increased sharply from 97% to 99% because of the nonlinear 6 relationship between cost and reliability. Allocation proportions to different subsystems are the 7 same for design service reliability from 95% to 97%. Electricity and communication proportions 8 become notably high when the level increases to 98%. LCC proportion allocated to the signaling 9 system also sharply increases at 99% design service reliability to meet the high standard in 10 service reliability. Case II utilizes MRM to improve the reliability of an existing rail system according to the design 6 LCC. Cost used in the improvement is usually fixed, and system reliability is maximized 7 according to this cost constraint. Service reliability of the existing system is 97%. To examine the 8 possible scenarios, we assume an increment ranging from 1 billion to 5 billion, with an 9 increment of 1 billion. Figure 6 shows the alternatives for possible improvements on the existing 10 system. Each alternative is associated with an increment in LCC and system reliability (in 11 MDBF). Not all of the subsystems can be easily changed for the existing system. Therefore, we 12 consider alternatives for communication, electricity, and track in this case. According to Figure 8 , the higher the budget, the higher the increment of LCC. More LCC 5 have been allocated to electricity, and communication for all scenarios because impact on delay 6 from communication and electricity failures is more severe than that from track failures ( Table 1) . 7 Figure 9 shows the increase in service reliability from possible scenarios of system improvement. 8
Service reliability increases from 0.1% to 0.5% (1 billion to 5 billion). Increasing system 9 reliability at this stage is typically more difficult than increasing it at the design stage because the 10 available improvement alternatives are limited and usually cost more for the existing system. 11 A number of products for each subsystem can be selected from different equipment suppliers to 5 design a new rail system or upgrade an existing system. Decision makers have to balance the 6 trade-off among service reliability, system reliability, and LCC to optimally allocate resources. 7
Case studies indicate that reliability can be increased more effectively during the design stage 8 (for new systems) than during the improvement stage (for existing systems) with the same 9 amount of money. Therefore, carefully designed systems with good resource allocation could 10 avoid costly reworking and improvement. 11
The accuracy of the reliability data obtained from suppliers is a key to successfully 12 determine the optimal investment plan through this process. We recommend the following three 13 ways to verify the accuracy of MTBF or MDBF: (1) rigorous test process and data; (2) actual 14 performance data; and (3) certificate of conformity (CoC). Test data on the reliability of a 15 particular subsystem should be obtained using a rigorous process and standard approved by rail 16 transit agencies or companies. The actual performance data of a particular subsystem in a rail 17 system represent actual reliability in real-world operations. CoC issued by a third-party examiner 18 can be used to verify the reliability of data. Among these methods, rigorous test data are 19 generally required for a particular product, and their credibility can be further improved with 20 actual performance data and/or CoC. Agencies or companies should specify the required data and 21 documents for subsystems. 22 
CONCLUSIONS
1
This research develops an optimization framework with AE and IS to assist decision makers in 2 optimally allocating service reliability, system reliability, and LCC when designing or upgrading 3 rail systems. Empirical case studies indicate that the optimization process can efficiently and 4 successfully evaluate all of the possible alternatives and determine optimal investment sets 5 according to design service reliability or LCC. This tool can help railway agencies and 6 companies maximize their ROI and provide reliable service to their customers. 
